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Abstract
A comprehensive conceptual regional model for the Nile Delta aquifer has been composed in terms of the actual perspective of
aquifer heterogeneity using all the new field data of drilled quality monitoring points in the Nile Delta aquifer. The study used the
recently acquired configuration of the aquifer system which shows that the northern part the quaternary aquifer is devolved into
multi-layered aquifer system while in the southern part; the aquifer consist of sand and gravel facies. The numerical modeling uses
the finite difference SEAWAT program. The model is calibrated, both in terms of hydraulic heads and salt concentration, for the
2013 field data. The calibrated model is validated for the period 2013–2015. The model water balance reveals that seawater intrusion
into the aquifer takes place at shallow to medium depths (up to 400 m), whereas groundwater fluxes in the deeper layers are moving
toward the sea. The majority of the fluxes toward the sea help retaining old brine water in the deep zones and thus preventing
seawater intrusion in these deep layers of the aquifer. This emphasizes the conclusion that the Nile Delta aquifer is not losing fresh
groundwater flux to the sea. The study has achieved reliable necessary baseline simulation modeling and delineation of fresh/saline
water interfaces as basis for decision-making and future management scenarios for controlled development of groundwater in the
Nile Delta coastal aquifer.
© 2016 National Water Research Center. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  IntroductionDensity-dependent flow and transport processes, and saltwater intrusion in coastal aquifers, have been shown to
be significantly affected by the common and random spatial variability of hydraulic properties in geologic formations
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Dagan and Zeitoun, 1998; Prieto et al., 2006). Therefore, the heterogeneity aspect should be considered in tackling
ensity-dependent flow and/or saltwater intrusion modeling processes.
Regression and transgression during the thousands of years and the old deltaic deposits of the Nile River caused
he formation of subsystem aquifer in the Nile Delta which is called a multi-layered system that was proposed for the
iddle of the Delta aquifer (Amer and Sherif, 1995).
Since the Nile Delta aquifer is the main renewable groundwater reservoir in the country, therefore, studying the
alinity distribution and the saltwater interface, in the Nile Delta aquifer, shall provide better understanding of the
rocesses and the mechanism of the groundwater salinization in the northern region of the Nile Delta. Groundwater
evelopment in the northern region is restricted due to the risks of inland movement of saline water/fresh water interface
n this region. The wide objective of this study is to achieve a better understanding of this processes and the mechanism
f the groundwater salinization in the northern region of the Nile Delta which will enable the decision makers to
roperly manage and protect fresh groundwater in this region.
.  Physical  settings
The Nile Delta is formed in Northern Egypt where the Nile River spreads out and reaches the Mediterranean Sea.
t is one of the world’s largest river deltas, extending from 30◦ E to 32◦ 30′ E and from 30◦ N to 31◦ 36′ 16.2′′ N. it
overs some 240 km along the Mediterranean coastline and extends to a maximum of 160 km from north to south. The
rea is commonly flat, sloping northward and eastward with altitudes varying between 0.5 m close to El Manzala Lake
n the north and +35 m in the south, (RIGW, 1992). The geomorphic features of the Nile Delta region comprises the
ollowing units: The young alluvial (fluviatile) plains; the old alluvial (fluviatile) plains; Fanglomerates; Sand dunes;
nd Turtle backs, as shown in Fig. 1.
The Nile Delta has a hot desert climate as the rest of Egypt which occupies a portion of the arid to semi-arid belt
f Africa. However, the Delta, as the case with the northernmost part of Egypt, is characterized by relatively moderate
Fig. 1. The geomorphological units for the Nile Delta region.
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temperatures, with highs usually not exceeding 31 ◦C in the summer. The Delta has a short temperate winter with
sporadic 100–200 mm of average rainfall.
3.  Hydrogeology  of  the  Nile  Delta  Aquifer
The Nile Delta aquifer is composed of the following main hydrogeological units:
a. Holocene clay and fine sand (aquitard)
The top boundary of the deltaic deposits is a formation belonging to the Holocene time (10,000 years). This
formation is made up of a semi-pervious clay and silt aquitard. It acts as a cap for the main Quaternary aquifer.
It is generally heterogeneous and anisotropic. This unit mainly consists of Nile silt, sandy clay, clayey sand,
occasionally with fine sand intercalations (Farid, 1980). The average vertical hydraulic conductivity of the clay cap
is 2.5 mm/day, and the average horizontal hydraulic conductivity is between 50 and 500 mm/day (RIGW, 1992).
The clay cap thickness of the Nile Delta aquifer varies from 40 m in the north middle and West Delta region and
reaching 95 m at the East coast of the Delta and decreases till it vanishes at the borders of the aquifer (Nofal et al.,
2015).
b. This is a thick unit belongs to Pleistocene time and consists of coarse sand and gravel with a number of clay lenses
intercalations. It underlies the Holocene top clay layer and overlies the lower marine clay deposits of Neogene
impervious clay. The thickness of this strata increases northward. It ranges between about 150 m. at El-Kanater
El-Khairiya in the south and more than 500 m. Near Tanta increasing northward until reaching more than 1000 m
near the coast. The hydraulic conductivity “K” of these aquifer sediments increases northward and eastward. It
ranges between less than 50 m/day in the south of El-Bagur and increases northward to be more than100 m/day
(Farid, 1980). The slope of the aquifer at its base is about 4 m/km.
This unit forms the main groundwater aquifer in the Nile Delta region, which is considered a semi-confined
(leaky) aquifer in most Nile Delta region where the clay cap covers the aquifer. Unconfined (phreatic) groundwater
aquifer is present in the fringes of the Nile Delta where the quaternary sediments are not covered with clay cap.
c. Basal unit of Pliocene clay (aquiclude)
The base of the deltaic deposits rests unconformably on a thick and dense clay section, which belongs to the
Pliocene age. This clay section acts as an aquiclude (Said, 1980).
4.  The  groundwater  system
4.1.  Groundwater  recharge  and  discharge
The Nile Delta aquifer in the flood plain is continuously recharged by irrigation water in the southern and central
portions and through seepage from surface water, especially from irrigation canals and by downward percolation of
subsurface drainage water in the traditionally cultivated lowlands. In the central and southern portions of the flood
plain, the downward leakage toward the aquifer ranges between 0.25 and 0.8 mm/day, depending on the soil type,
irrigation and drainage practices. Recharge by rainfall is limited and only takes place only during the winter months.
According to the 2013 inventory conducted by the Research Institute for Groundwater (RIGW), the present rate of
groundwater extraction from the Nile Delta aquifer is estimated at 3.56 Billion Cubic Meters/year (BCM/yr). However,
the groundwater in this aquifer is discharged naturally; along some areas on the Rosetta branch and to the western
desert, Suez Canal, and the Mediterranean Sea; or mechanically by pumping for irrigation, drinking, and/or industrial
purposes.
4.2.  Groundwater  levels  and  ﬂuxesHistorical data are collected for the groundwater levels (piezometric heads) in the fresh water layers (40–125 m
depth) in all observation wells present in the Nile Delta. The piezometric heads of groundwater is generally decreasing
within the Nile Delta from more than 15 m AMSL in Cairo to 1 m AMSL near the coast, in the fresh groundwater
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hFig. 2. Vertical and horizontal distribution of salinity developed along North–South cross section in Nile Delta region.
epths in the aquifer. The main groundwater fluxes are directed from South to North, where the piezometric levels
ecrease northward by an average piezometric gradient about 11 cm/km.
.3.  Groundwater  salinity  distribution
Previously, most of the Nile Delta aquifer studies neglected the geological stratification of the aquifer because of lack
f enough lithological stratification data, and difficulty of simulating the aquifer with detailed geological stratification.
he aquifer was only considered in all the previous studies as a sand and gravel member with a variable clay cap.
This study is using the developed detailed horizontal cross section which has been generated by “RockWorks”
odel (Nofal et al., 2015). This model utilized lithological and stratigraphy data for 21 multi-depth monitoring wells
anging from 48 to 655 m. The Lithology of these new wells was used to assess heterogeneity of the aquifer and to
enerate a new simplified representative vertical cross section of the of the Nile Delta aquifer.
A complete salinity assessment was also conducted to determine the vertical and horizontal distribution of the
roundwater salinity in the aquifer system. Wide range of salinity variations were detected in the sampled multi-
epth points where the total dissolved solids varied from 4900 to 108,000 PPM. These variations are illustrated in the
enerated simplified vertical cross section of the Nile Delta aquifer, Fig. 2.
The new developed configuration of a multi-layered aquifer system is used to simulate the Nile Delta aquifer to
chieve a better understanding in determining saltwater intrusion in the aquifer system.
.  Numerical  simulation  of  the  Nile  Delta  Aquifer
Saltwater intrusion in a coastal aquifer is a highly complex and nonlinear process. Therefore, management of
oastal aquifers requires careful planning of withdrawal strategies to achieve control of saltwater intrusion. Prediction
nd control of future saltwater distribution in coastal aquifer may be possible by simulating the processes utilizing
athematical models (Datta et al., 2009).
Previous simulations of the Nile Delta Aquifer have tended to simplify the complexity of the aquifer due to scarcity
f data. However, in this regional simulation of the Nile Delta aquifer all the new acquired data on heterogeneity and
ydro-chemistry have been harnessed in the modeling process using SEAWAT program.
160 E.R. Nofal et al. / Water Science 29 (2015) 156–166Fig. 3. Three dimensional model grid for Nile Delta region.
The SEAWAT program was originally developed to simulate three-dimensional variable-density, transient ground-
water flow in porous media by Guo and Bennett (1998). The source code for SEAWAT was developed by combining
MODFLOW and MT3DMS into a single program that solves the coupled flow and solute-transport equations.
A comprehensive regional model for the Nile Della aquifer is constructed using the 3-D finite difference SEAWAT
code taking into consideration the heterogeneity data and the groundwater variable density values encountered in the
lately drilled bore holes in the Nile Delta aquifer.
5.1.  Model  area  and  aquifer  geometry
The simulated modeled area is about 41,280 km2 along a distance of 240 km in the East–West direction and 173 km
in the North–South direction. The aquifer geometry was inputted to the model including: base of aquifer, ground
surface, clay cap and different intercalated clay layers existing into the aquifer. The simulated area is covered by a
grid 100 rows ×  100 columns with a vertical discretization divided into 7 layers, each layer representing a different
hydro-geological characteristic, with a total number of 70,000 cells, Fig. 3 shows the three dimensional model grid.
5.2.  Boundary  and  initial  conditions
In modeling, it is preferred to use the natural boundaries existing in the study area to achieve better accuracy.
However, the case is not always easy to find a natural boundary so the modeler tends at this time to use an artificial
boundary. Two types of boundary conditions have been used; the first is no flow boundary for which the derivatives of
the head (flux) across the boundary is equal to zero (B1), i.e. ∂h/∂x  = 0, and ∂h/∂y  = 0.
The second boundary condition is the fixed head boundary for which the piezometric head h  is constant and does not
change with the time. Value of the head is specified by the model user across such boundary (B2), i.e. h  = Speciﬁed  head
The coastal boundary along the Mediterranean Sea is defined as constant head boundary (B2) and constant con-
centration boundary, in which both the head and salinity concentration are constant over time. For this boundary, the
specified head is taken as zero (MSL), and specified concentration as 35,000 mg/l. The southern boundary, near Cairo,
is taken as constant head boundary (B2) and constant concentration boundary, in which both the head and salinity
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0Fig. 4. Modeled area and boundary conditions for groundwater heads and salinity concentration.
oncentration are constant due to the Delta barrage that maintains the water levels at the two branches of the Nile
iver. In terms of solute transport, a specified concentration implies that the dispersive flux toward or away from
he boundary occurs in response to the difference between the specified boundary concentration and the calculated
oncentration at points directly adjacent to the boundary. The Eastern and Western boundary are defined as no flow
oundary (B1) because they are set perpendicular to the regional groundwater flow lines. For solute transport, the
oncentration gradient is specified normal to the B1 boundary. The river Nile branches form a natural controlled head
oundary to the aquifer system, and it is conceivable that the other big canals such as Ismailia canal and Rayahs also act
s a controlled head boundary. The River Nile and the Suez Canal are also defined as constant concentration boundary.
he boundary conditions for the modeled area are illustrated in Fig. 4.
Initial conditions represent starting values for the dependent variable, such as groundwater head for the groundwater
ow and concentration for the solute transport, at some starting time. Initial conditions for both flow and transport must
e specified for transient simulations. Initial conditions for groundwater flow and concentration are calculated from
eld measurements and a digital contour map for every layer was generated and then inputted into each corresponding
odel layer.
.3.  Aquifer  hydraulic  properties
The aquifer properties which have been obtained from pumping test analysis are used in the present model. The
ydraulic conductivities of different formations were assigned to the model. The hydraulic conductivity values range
rom 0.01 m/d to 100 m/d. Specific storativity values are entered to the model with ranges from 10−5 to 0.0001 m−1.
The longitudinal dispersivity was set equal to grid spacing. Discharge rates are entered to the model as wells. Each
ell is assigned a location, discharge rate, screen elevations where these data is obtained from RIGW database.
echarge rates are assigned to the model in zones according to their location with values varies from zero to
.8 mm/d.
162 E.R. Nofal et al. / Water Science 29 (2015) 156–166Fig. 5. (a) Observed versus calculated head values. (b) Observed versus calculated concentration values.
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5.4.  Calibration  of  the  simulation  model
Calibration of the model refers to a demonstration that the model is capable of producing field measured heads, flow
and concentrations, which are the calibrated values. The solute transport models are calibrated on two stages: calibration
of the heads and calibration of the concentration salinity (solute transport). The model calibration is performed through
several trials by changing the hydraulic conductivity, the recharge and dispersivity values. The calibration target, of
the model, is to minimize the difference between the calculated and the measured heads and concentrations. As this
model is run through SEAWAT code, therefore, transient calibration is also conducted.
• Heads calibration
The model was calibrated for the flow and the final calibrated values for the hydraulic conductivity for: clay
layers ranges from 0.05 to 0.1 m/d and aquifer formation ranges from 1 to 100 m/d. The statistical measures for
the calibration process are as follows: Mean error = 2.24 m and correlation factor = 0.86. Fig. 5.a shows sample
calibration of the observed values versus calculated one for the observed points in the shallow depths.
• Salinity calibration
The model was calibrated against the measured salinity values based on RIGW data bank and field survey for the
multi-depth groundwater quality monitoring wells. The statistical measures for the calibration process are: Mean
error on the map = 324 ppm, Root mean squared = 2225 ppm, Correlation coefficient = 0.998. Fig. 5b presents the
observed versus calculated concentration values.
5.5.  Validation  of  the  simulation  model
After the calibration process is completed. A validation run from 2013 to 2015 is executed in terms of head and
salt concentration with the available data to confirm the model reliability. Fig. 6a, b and c show contour maps of the
calculated validation run for groundwater heads at the different depths: 125, 400 and 600 m depths. The calculated
contour maps have confirmed agreement with respect to measured piezometric heads. Fig. 7 shows the calculated
validation run for the concentration along vertical cross section in North–South direction. The calculated salinity
distribution conforms to the developed representative vertical cross section illustrated in Fig. 2. Validation runs of the
model provides delineation of the saltwater intrusion into the Nile Delta freshwater aquifer using the new perspective
of a multi-layered aquifer system.
Fig. 7. Calculated validation run for salinity concentration along the modeled cross section North–South in the Nile Delta aquifer.
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.6.  Model  zone  budget
The calibrated model is used to determine the water balance of the simulated aquifer. Accordingly, zone budget
odule is applied to calculate the inflow and outflow taking place in the different layers of the Nile Delta aquifer. The
ow rates show that the Sea intrudes into the aquifer at the shallow and medium depths up to 400 m depth, while in
he deep zones; the deep groundwater fluxes are larger toward the sea which helps preventing seawater intrusion in the
eep layers of the aquifer and retain the old brine water in these deep zones. This situation helps to maintain and protect
he fresh shallow aquifer from upward leakage from the old brine water as the upward leakage rates are negligible.
he zone balance of the sea shows that the rates of groundwater that intrudes from the sea to the Nile Delta aquifer
s 0.56 BCM/yr while the rate of groundwater flow from the Nile Delta aquifer to the sea is 0.14 BCM/yr. The zone
udget water balance suggests that about 90% of the fluxes toward the sea is taking place within the old brine water in
he deep layers of the aquifer. This emphasizes the conclusion that the aquifer is not losing fresh groundwater flux to
he sea. On the other hand, the clay cap and clay layers embedded in the Nile Delta aquifer transfer the water mostly
n the vertical direction, as horizontal fluxes are small compared to vertical ones.
.  Concluding  remarks
The prime objective of this work is to establish a better realistic perception of the process and the mechanism of sea
ater intrusion in the Nile Delta coastal aquifer so that fresh groundwater in this important resource could be properly
anaged and protected.
A comprehensive regional simulation model for the Nile Delta aquifer is constructed using the 3-D finite dif-
erence SEAWAT program, taking into consideration the heterogeneity data and the groundwater variable density
alues encountered in the lately drilled bore holes. The model has been fully calibrated against the 2013 field data.
eliability of the calibrated model has been confirmed in terms of hydraulic heads and salt concentration through vali-
ation for the period 2013–2015. The obtained results have demonstrated appreciable agreement with respect to the
iezometric heads and flow fluxes. The calculated salinity distribution profile conforms to the newly developed multi-
ayered cross section of the aquifer system. The model succeeded in delineating seawater intrusion into the Nile Delta
quifer.
The water balance results from the model zone budget reveals that seawater intrusion into the aquifer takes place at
hallow to medium depths (up to 400 m), whereas groundwater fluxes in the deeper layers are moving toward the sea.
he majority of the fluxes toward the sea help retaining old brine water in the deep zones and thus preventing seawater
ntrusion in these deep layers of the aquifer. Apparently, this situation also helps to protect the fresh upper zones of
he aquifer against upward leakage from the old brine water. The modeling results emphasize the conclusion that the
quifer system is not losing fresh groundwater flux to the sea.
This endeavor has achieved reliable baseline simulation modeling of the Nile Delta aquifer system adopting a new
erspective of a multi-layered variable density aquifer system. The model provides useful tool as basis for decision-
aking to properly manage and protect fresh groundwater in the Nile Delta coastal aquifer. However, a simulation
odel is an abstract of a real dynamic system, therefore, it essentially requires consistent data support, in particular
ontinuous monitoring of relevant parameters and processes. Monitoring of seawater intrusion comprises three main
ypes of monitoring: piezometric pressures; salinity profiles; and groundwater extractions. Models can also assist in
mproving monitoring schemes toward obtaining the most reliable possible data. Therefore, it is recommended to
aintain closer interaction and coordination between modeling and any future multi-depth exploratory and monitoring
orks.
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